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Introduction 
Studies of ocean biogeochemical fluxes have been energized 
in this decade, by the urgency of our need to understand and 
predict the effects of continued C 0 2 accumulation in the atmo­
sphere, by the global perspectives offered by satellite views of 
ocean color and related physical fields (McClain et al. 1991; 
Yoder et al. 1992; Mitchell 1994), and by the successful imple­
mentation of the Joint Global Ocean Flux Study (JGOFS; 
Bowles and Livingston, 1993). In this review, I focus on oceanic 
new production, originally defined as the fraction of primary 
production supported by inputs of 'new' nitrogen from outside 
the euphotic zone. With a growing appreciation of the role of 
this fundamental biogeochemical flux in the global carbon 
cycle, it has become more common to refer interchangeably to 
new production so defined, and to the export of organic matter 
from the upper ocean (e.g.. Sarmiento and Siegenthaler 1992). 
New production, the driving process of the ocean carbon cycle, 
is responsible for maintaining over half the vertical gradient in 
total inorganic carbon. In this review I refer to nitrate-based new 
production in the open sea, and not to new production supported 
by other N compounds as observed in the coastal zone. Eppley 
(1992) gives a personal view of the modern formulation of the 
concept of equivalence between new production and upper 
ocean export. This review is dedicated to the memory of John 
Martin, a friend, colleague, leader and teacher who contributed 
mightily to our field. 
Interdisciplinary Field Programs 
Much of the progress in understanding of ocean bio­
geochemical fluxes has been gained in a series of interdisciplin­
ary field campaigns since the mid-80's. The model for these 
programs was Vertical Exchange Processes (VERTEX), coordi­
nated by John Martin, and conducted in the north Pacific. Its re­
sults are still being published (Harrison et al. 1992). VERTEX 
was one of the first larger scale programs to focus on the cou­
plings between new production and export, and pioneered the 
use of surface sediment traps. Other programs with a new pro­
duction focus included the 1988 WECOMA cruise in the equato­
rial Pacific (Barber 1992), a predecessor of the JGOFS 
Equatorial Pacific (EQPAC, Barber et al. 1994) study; Research 
on Antarctic Coastal Ecosystem Rates (RACER) in the coastal 
zone of the Antarctic Peninsula (Huntley et al. 1991), the SU­
PER (Subarctic Pacific Ecosystem Research) program in the 
north Pacific (Miller et al. 1991; Miller 1993), the 1988 Black 
Sea Expedition (Murray 1991) and the JGOFS North Atlantic 
Bloom Experiment (NABE, Ducklow and Harris 1993). Results 
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from the JGOFS time series stations at Bermuda and Hawaii 
have also begun to appear (Lohrenz et al. 1992; Malone et al. 
1993; Roman et al. 1993). The results of these programs will 
form the basis for the first generation of coupled biogeochemi­
cal models now being developed. 
New Primary Production 
The global ocean can be divided into three contrasting re­
gions with respect to new production: regions where the stock of 
surface nitrate is renewed each winter and depleted in the spring 
by biological utilization; areas where high levels of nitrate per­
sist throughout the year; and large regions in the oligotrophic 
gyres where nitrate stocks are permanently depleted throughout 
the euphotic zone. The natural abundance of 1 5N (815N) in core 
top sediments appears to serve as an indicator of the extent of 
N 0 3 utilization in overlying surface waters (Francois and Alta-
bet 1994), and may help in understanding the history and distri­
bution of the relative strength of the nutrient supply mechanisms 
vs biological utilization in each province. 
N 0 3 supplied by deep winter mixing triggers phytoplankton 
blooms driven by new production in coastal and shelf regions 
(Townsend et al., 1992; Hansell et al. 1993) including the 
Southern Ocean (Holm-Hansen and Mitchell 1991; Sullivan et 
al. 1993), marginal ice zones (Smith 1991) and in the north At­
lantic (Campbell and Aarup, 1992; Sambrotto et al. 1993a; 
Takahashi et al. 1993). Large-scale nutrient fluxes to the north 
Atlantic supplied by the Gulf Stream (Pelegri and Csanady 
1991) drive the basin scale bloom revealed by Coastal Zone 
Color Scanner imagery. Blooms are characterized by high rates 
of new production relative to the total production (the f ratio; cf. 
Garside and Garside 1993), and the uncoupling of production 
and consumption processes (Karl et al. 1991; Banse 1992; Dam 
et al. 1993) leading to episodic export of phytoplankton biomass 
(Honjo and Manganini 1993; Ho and Marra, 1994). Analysis of 
ocean-wide ratios of nutrient regeneration indicate that organic 
matter reaching the deep ocean is remineralized in fixed pro­
portions (Anderson and Sarmiento 1994), suggesting that epi­
sodic export events might dominate the input of organic matter 
to the deep sea. This view is not inconsistent with other observa­
tions of primary production supported by nutrient utilization at 
higher C:N ratios (Laws 1991; Banse 1994) and export of dis­
solved organic matter (see below) if it is assumed that the latter 
processes do not export new production deeper than about 400 
m. During the JGOFS North Atlantic Bloom Experiment, new 
production was 5-8 mMol N m"2 day"1 (Bender et al. 1992; 
Sambrotto et al 1993a) but only a small fraction was recovered 
in sediment traps (Martin et al. 1993). 
Large areas of the ocean in which surface nitrate stays high 
while phytoplankton stocks are paradoxically low are termed 
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"high-nutrient, low-chlorophyll" or HNLC regions (Cullen 
1991). The subarctic north Pacific and central equatorial Pacific 
are HNLC regions which have been extensively studied in the 
past decade. Net oxygen production in the mixed layer is be­
coming a useful and powerful tool for estimating new produc­
tion, partly because the contributions of physical and biological 
processes to the 0 2 budget can be discriminated with appropri­
ate tracers (Emerson et al. 1991). In the subarctic north Pacific, 
mass balances of oxygen were used to estimate new production, 
and compared to estimates from the utilization rate, par­
ticulate export into shallow sediment traps, and nitrogen mass 
balance (Emerson et al. 1991, 1993a,b). Different pairs of esti­
mates differed by a factor of two or more. At the current time, 
this level of uncertainty represents the state of the art in estimat­
ing new production and export from the surface layer. In gener­
al, new production is low in HNLC regions (Dugdale et al. 
1992) but the reasons are still unclear. Intense grazing keeps 
phytoplankton stocks low (Frost 1991; Frost and Franzen 1992), 
and ammonium excretion from the grazers inhibits nitrate up­
take (Wheeler and Kokkinakis 1990). 
In the oligotrophic gyres, there is no measurable N 0 3 at 
depths well below the upper 100 m, and the mechanisms which 
supply N 0 3 to the euphotic zone and maintain new production 
remain unsolved. The two US JGOFS Time Series stations lo­
cated in the north Atlantic and Pacific gyres, are addressing this 
problem. At Bermuda, C0 2 depletion by biological production 
in spring-summer occurs in the virtual absence of any N 0 3 , pro­
viding another example of non-Redfield production (US JGOFS 
1993; Keeling 1993). New production calculated by a variety of 
approaches including oxygen mass balance (Emerson et al. 
1993b), greatly exceeded the annual export caught in sediment 
traps, suggesting a major uncertainty in our capability to close 
ocean carbon budgets. In the central north Pacific at the VER­
TEX time series site (33N, 139W) new production was about 
10% of the total annual production and was balanced by export 
into shallow traps (Harrison et al. 1992). Preliminary results of a 
mass balance of the oxygen field at the Hawaii station suggest 
that sediment trap estimates of the particle export do not balance 
the new production in the euphotic zone above (Emerson et al., 
1993b). Thus recent studies in all three 'nitrate provinces' of 
the global ocean suggest that sediment traps underestimate the 
export required to balance the estimated new production, or that 
export by other means than sinking particles must be factored 
into the balance. 
These studies show that new production continues at un­
equivocally significant rates even in the most oligotrophic re­
gions, in the apparent absence of new N 0 3 input from deep 
mixing. Some other sources have been suggested. Buoyant mats 
of the diatom Rhizosolenia are enriched in N 0 3 and might sup­
ply 50% of the annual N requirement to the euphotic zone 
(Villareal et al 1993). Atmospheric input of oxidized and re­
duced nitrogen species to the global ocean total about. 20 x 10 1 2 
gN annually (Duce et al. 1991). This represents 1-2% of the 
global new production (Table 1), suggesting that aerial deposi­
tion is not significant globally. However in nutrient depleted 
waters of the central gyres, individual deposition events could 
drive local blooms (Michaels et al., 1993). The air-sea exchange 
of nitrogen deserves further study, and the balance is not always 
clear. For example, the sea might be a net source of ammonia to 
the atmosphere (Zhuang and Huebert 1994). Atmospheric inputs 
of micronutrients might also stimulate localized episodes of new 
Table 1. Recent Estimates of Oceanic New Production 
GtCy"1 Reference 
3.4-4.7 Eppley and Peterson, 1979 
7.4 Martin etal., 1987 
8.4 Bacastowand Meier-Reimer, 1991 
10 Sarmiento and Siegenthaler, 1992 
12-15 Najjar etal., 1992 
8-12 Sarmiento et al., 1993 
>15 Sambrotto et al., 1993 
production in oligotrophic waters (DiTullio and Laws 1991). 
The major beneficiaries of episodic inputs of new nutrients, 
whether from above or below, may be large celled diatoms with 
rapid growth and sinking rates. These cells respond rapidly to 
nitrogen inputs, even at low light levels, leaving a chemical sig­
nature in the form of increased oxygen and dissolved organic 
carbon (DOC), but sink quickly, leaving little trace of their own 
biomass (Goldman 1993). 
The Export Flux 
Primary production fueled by new nutrient inputs is balanced 
over large time and space scales by export of organic matter 
(both particulate and dissolved; see below) from the upper pro­
ductive layer into the deep sea. The export flux has been studied 
principally by sediment traps moored in the deep ocean (Honjo 
et al. 1992; Jasper and Deuser 1993; Milliman 1993), and also 
by increasingly numerous deployments of freely drifting traps in 
the upper 1000 m (Silver and Gowing 1991). Time series ob­
servations show that variations in surface productivity are mir­
rored by fluxes into shallow drifting and deeper moored traps 
(Altabet et al. 1991; Karl et al. 1991; Asper et al., 1992), sug­
gesting that the traps provide an accurate reflection of the tim­
ing of the export process. Comparison of trap collections with 
camera profiles of large aggregates indicate that fluxes are pro­
portional to large particle concentrations in the water column 
(Walsh and Gardner 1992). 
The accuracy of sediment traps has been questioned, particu­
larly in the upper ocean where biological activity and variability 
are greatest. At shallower depths in warmer water, bacterial ac­
tivity must be controlled using poisons to prevent particle de­
composition (Lee et al. 1992; Hedges et al. 1993) but poisoning 
results in accumulation of actively swimming zooplankters 
('swimmers') in the traps, leading to overestimates of fluxes. 
New trap designs appear to segregate the larger swimmers, but 
small swimmers are not efficiently removed from the passively 
sinking material (Peterson 1993; Hansell and Newton 1994). 
Even if the multitude of biological effects can be corrected or 
prevented, the behavior of traps in moving fluid still needs to be 
addressed. Traps appear to collect particles in proportion to the 
particle approach velocities (Gust et al. 1992). The bias will be 
largest in the upper ocean where velocity shear is greatest. 
2 3 4 Th (Buesseler et al. 1992a) appears to be a powerful tracer 
of particle flux in the upper ocean. Comparison of observed 
2 3 4 Th fluxes into shallow sediment traps with modeled 2 3 4 Th re­
moval rates on sinking particles suggests that shallow drifting 
traps may undercollect or overcollect the particulate flux by fac­
tors of 3-10 (Buesseler 1991). 234Th-based estimates of particu-
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late carbon export from Th profiles in JGOFS NABE ranged 
from 5-42% of the primary production (Buesseler et al. 1992b), 
agreeing with net observed changes in particulate carbon in the 
upper water column (Bender et al. 1992), but were up to 3 times 
greater than estimates derived from carbon flux into sediment 
traps (Martin et al. 1993). The 2 3 4Th and ^Th observations in 
NABE support the idea that microbial activity is responsible for 
particle aggregation/disaggregation (Cochran et al. 1993). 
Transparent exopolymer particles (TEP) of 0(100 um)der-
ived from the extracellular products of bacteria and diatoms har­
bor bacteria and might constitute sites for particle aggregation 
and enhanced microbial hydrolytic enzyme activity (Smith et al. 
1992; Alldredge et al. 1993). In the subarctic north Pacific 
(SUPER Program) bacterial production averaged 13% of prima­
ry production in the euphotic zone, and bracketed estimates of 
the particulate organic carbon (POC) flux in the mesopelagic 
region (100-1000m depths; Simon et al. 1992), suggesting that 
decomposition of the POC flux supported bacterial metabolism 
beneath the surface layer. In the Arabian Sea however, even 
conservative estimates of mesopelagic bacterial production (100 
- 1000 m) were in excess of the POC fluxes through the water 
column, indicating the possible need for an addition source of 
carbon for the bacteria (Ducklow 1993). Virus activity might 
play a role in regulating bacterial activity in sinking particles by 
attacking the particle-associated bacteria and phytoplankton in 
the vertical flux (Proctor and Fuhrman 1991). 
Dissolved Organic Matter 
The previously moribund field of DOC analysis was stimu­
lated by recognition that the high surface concentrations of dis­
solved organic carbon (DOC) reported by Suzuki could form an 
important component of the export of organic matter from sur­
face waters. Biogeochemical models incorporating DOC as an 
export term provided improved simulations of nutrient distribu­
tions, for example by eliminating the trapping of high phosphate 
concentrations under the equatorial upwelling (Bacastow and 
Meier-Reimer 1991; Najjar et al., 1992). These models gave re­
vised global new production estimates of 2.0 - 3.6 Mol C m"2 y"1 
(8-15 GtC y"1) and lent strong support to the observations of a 
high level of enhanced or 'new' DOC in the surface ocean. In 
these models about 70-80% of the total export is assigned to the 
dissolved phase, but it should be noted that this partitioning is 
defined in the model code rather than being generated by the 
biogeochemical dynamics of the model itself. 
The new interest in DOC by biogeochemists and modelers 
stimulated a large amount of research directed toward refining 
and calibrating the high temperature catalytic oxidation (HTCO) 
technique for analyzing DOC in seawater (Hedges and Farring-
ton 1993). Benner and Strom (1993) showed that assessment of 
potentially large machine blanks associated with HTCO instru­
ments was necessary for accurate interpretation of analytical 
data. The original observations of high DOC were withdrawn 
following interpretation of the blank problem (Suzuki 1993; 
Hedges et al. 1993). Comparative (Hedges et al. 1993; Sharp et 
al. 1993) have now demonstrated that the high values were, in 
error and that mean deepwater levels of DOC measured by 
HTCO techniques are consistent with earlier persulphate and 
other measurements. However the new techniques have resulted 
in much improved precision which enables resolution of verti­
cal gradients in the upper ocean (Sharp et al. 1993) as well as of 
temporal and spatial variability formerly interpretable only as 
analytical noise. 
New analyses of the composition of oceanic dissolved organ­
ic matter (DOM) indicate that bulk C:N ratios range from 16-38 
(Hansell et al. 1993; Karl et al. 1993). 22-33% of the total DOC 
is > 1000 molecular weight and composed largely of carbohy­
drate material, with C:N ratios of 15-22 (Benner et al. 1992). 
The synthesis of high C:N DOM might be one explanation for 
observations of non-Redfield utilization of inorganic carbon and 
nitrogen in both coastal and oceanic regions (Karl et al. 1991; 
Sambrotto et al. 1993b). Large-celled diatoms continue to fix 
carbon, in both particulate and dissolved forms following nitro­
gen depletion (Goldman et al. 1992). The reactive nature of this 
material suggests that it must play a role in supporting hetero­
trophic activity, especially bacterial respiration, but utilization is 
likely to be nitrogen- or phosphorus-limited (Amon and Benner 
1994). 20% of the DOC in the surface waters of the north Atlan­
tic during the spring, 1989 phytoplankton bloom was removed 
by bacteria within 2-3 days (Kirchman et al. 1991). The utiliza­
tion of the DOC was supported by inorganic nitrogen, suggest­
ing that the biochemically labile fraction was deficient in 
nitrogen. The processes by which DOC is produced and utilized, 
and especially those which regulate its escape from complete 
utilization and subsequent export into the large oceanic DOC 
reservoir, are just beginning to be understood. Carlson et al. 
(1994) have showed that DOC export is potentially an important 
component of the carbon budget at Bermuda. At this point, the 
relative contributions of DOC and POC to the export of new 
production are not known within a factor of more than two. 
Synthesis and Prospects 
Estimates of the total new production are similarly uncertain. 
It is striking that a synthesis of recent estimates of global annual 
new production (Table 1) shows an upward trend which has 
doubled the best estimate in the period covered by this review. 
This trend parallels the refinement and development of tech­
nique, accumulation of data, and deepening of understanding 
which has occurred over the past few years. The temporal and 
spatial variability of the ocean is so great as to preclude any rea­
sonable expectation that observations alone will yield accurate 
global estimates of new production. Large scale syntheses must 
come from models which build on the results of the process and 
time series studies reviewed here (Evans and Fasham 1992; Fa­
sham 1993). A coupled model of the physical, biological and 
nutrient fields observed in the 1989 JGOFS NABE assimilated 
satellite altimetric estimates of sea surface height to demon­
strates the vital role of eddy circulation in driving new produc­
tion (Robinson et al. 1993/ Future models will assimilate ocean 
color observations. The first coupled basin scale models of 
ocean circulation and biogeochemistry which describe bio­
geochemical processes including new production explicitly have 
only been developed in the past 5 years (Fasham et al. 1993; 
Sarmiento et al. 1993). Their model has a simple generic eco­
system structure which nonetheless has over 20 parameters to be 
evaluated. A scheme based on the allometric scaling of biologi­
cal parameters may simplify the parameter evaluation process 
(Moloney and Field 1991). Inverse techniques borrowed from 
geophysics are now routinely applied to the analysis of bio­
geochemical systems to recover unmeasured or poorly estimated 
rates processes (e.g. new production, export, grazing) from ob­
served data (Jackson and Eldridge 1992). The next generation of 
biogeochemical flux studies must combine new observational 
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and modeling approaches to gain the factor of 2 or greater 
improvements in precision required to constrain the global car­
bon budget. 
Acknowledgments. Preparation of this review was supported by 
NSF-OCE9116304. I am grateful to the following individuals who pro­
vided references, manuscripts and reprints for my review: A. Alldredge, 
M Bacon, K. Buesseler, R. Duce, W. Gardner, J. Goldman, D. Hansell, J. 
Hedges, B. Huebert, C. Lee, J. Marra, C. Winn. Supported by NSF 
OCE9116304 and OPP 9319222. 
References 
Alldredge, A. L., U. Passow and B. E. Logan, The abundance and signifi­
cance of a class of large transparent organic particles in the ocean. 
Deep-Sea Res., 40:1131-1140,1993. 
Altabet, M. A., W. G. Deuser, S. Honjo, C. Stienen, Seasonal and depth-
related changes in the source of sinking particles in the North Atlantic. 
Nature, 354:136-139,1991 
Amon, R. M. W. and R. Benner, Rapid cycling of high-molecular-weight 
dissolved organic matter in the ocean, Nature, 369:549-552,1994. 
Anderson, L. A. and J. L. Sarmiento, Redfield ratios of ^mineralization 
determined by nutrient data analysis. Global Biogeochem. Cycles, 
5:65-80,1994. 
Asper, V. L., W. G. Deuser, G. A. Knauer and S. E. Lohrenz, Rapid coupl­
ing of sinking particle fluxes between surface and deep ocean waters. 
Nature, 357:670-672,1992. 
Bacastow, R. and E. Maier-Reimer, Dissolved organic carbon in modeling 
oceanic new production. Global Biogeochem Cycles, 5:71-85,1991. 
Banse, K., Grazing, temporal changes of phytoplankton concentrations 
and the microbial loop in the open sea, in Primary Productivity and 
Biogeochemical Cycles, in the Sea, edited by P. Falkowski and A. D. 
Woodhead, pp. 409-440, Plenum, New York, 1992. 
Banse, K., Uptake of inorganic carbon and nitrate by marine plankton and 
the Redfield ratio. Global Biogeochem. Cycles, 5:81-84,1994 
Barber, R. T., Introduction to the WEC88 cruise: An investigation into 
why the Equator is not greenery. Geophys. Res., 97:609-610,1992. 
Barber, R. T. and F. P. Chavez, Regulation of primary productivity rate in 
the Equatorial Pacific, Limnol. Oceanogr., 36": 1803-1815,1991. 
Barber, R. T., J. W. Murray and J. J. McCarthy, Biogeochemical interac­
tions in the equatorial Pacific, Ambio, 23:62-66,1994. 
Bender, M., H. Ducklow, J. Kiddon, J. Marra and J. Martin, The carbon 
balance during the 1989 spring bloom in the North Atlantic Ocean, 
Deep-SeaRes., 39:1707-1725,1992. 
Benner, R., J. D. Pakulski, M. McCarthy, J. Hedges and P.G. Hatch-
er,Bulk chemical characteristics of dissolved organic matter in the 
ocean, Science, 255:1561-1541,1992. 
Benner, R and M. Strom, A critical evaluation of the analytical blank as­
sociated with DOC measurements by high-temperature catalytic oxida­
tion, Mar. Chem., 47:153-156,1993. 
Bowles, M. C. and H. D. Livingston, Update: Joint Global Ocean Flux 
Study, Sea Tech. 34:49-53,1993. 
Buesseler, K. O., Do upper-ocean sediment traps provide an accurate re­
cord of particle flux? Nature, 353:420-423,1991. 
Buesseler, K. O., M. P. Bacon, J. K. Cochran and H. D. Livingston, The 
carbon and nitrogen export during the JGOFS North Atlantic Bloom 
Experiment estimated from 2 3 4 Th: 2 3 8 U disequilibria, Deep-Sea Res., 
39:1115-1137,1992. 
Buesseler, K. O., J. K. Cochran and M. P. Bacon, Determination of tho­
rium isotopes in seawater by non-destructive and radiochemical proce­
dures, Deep-Sea Res., 39:1103-1114,1992. 
Campbell, J. W. and T. Aarup, New production in the North Atlantic 
derived from seasonal patterns of surface chlorophyll, Deep-Sea Res., 
39:1669-1694,1992. 
Carlson, C. A. and H. W. Ducklow, Annual flux of dissolved organic car­
bon from the euphotic zone in the northwestern Sargasso Sea, Nature, 
377:405-408. 
Cochran, J. K., K. O. Buesseler, M. P. Bacon and H. D. Livingston, Tho­
rium isotopes as indicators of particle dynamics in the upper ocean: 
results from the JGOFS North Atlantic Bloom Experiment, Deep-Sea 
Res., 40:1569-1595,1993. 
Cullen, J. J., Hypotheses to explain high-nutrient, low chlorophyll condi­
tions in the open sea, Limnol. Oceanogr., 36:1578-1599,1991. 
Dam, H. G., C. A. Miller and S. H. Jonasdottir, The trophic role of meso-
zooplankton at 47°N, 20°W during the North Atlantic Bloom Experi­
ment, Deep-Sea Res., 40:197-212,1993. 
DiTullio, G. R. and E. A. Laws, Impact of an atmospheric-oceanic distur­
bance on phytoplankton community dynamics in the North Pacific 
Central Gyre, Deep-Sea Res., 35:1305-1329,1991. 
Duce, R. A., P. S. Liss, J. T. Merrill et al., The atmospheric input of trace 
species to the world ocean, Global Biogeochem. Cycles, 5:193-259, 
1991. 
Ducklow, H. W. and R. Harris, Introduction to the JGOFS North Atlantic 
Bloom Experiment, Deep-Sea Res. II, 40:1-8,1993. 
Dugdale, R. C , F. P. Wilkerson, R. T. Barber and F. P. Chavez, Estimating 
new production in the Equatorial Pacific Ocean at 150 degrees W., J. 
Geophys. Res., 97:681-686,1992. 
Emerson, S., P. Quay, and P. A. Wheeler, Biological productivity deter­
mined from oxygen mass balance and incubation experiments, Deep-
SeaRes., 40:2351-2358,1993. 
Emerson, S., P. Quay, C. Stump, D. Wilbur and M. Knox, 0 2 , Ar, N 2 and 
^ R a in surface waters of the subarctic ocean: net biological 0 2 pro­
duction, Global Biogeochem. Cycles, 5: 49-69,1991. 
Emerson, S., P. Quay, C. Stump, D. Wilbur and R. Schudlich, Determin­
ing primary production from the mesoscale oxygen field, ICES Mar. 
Sci. Symp., 797:196-206,1993. 
Eppley, R. W., Toward Understanding the Roles of Phytoplankton in Bio­
geochemical Cycles,: Personal Notes, in Primary Productivity and 
Biogeochemical Cycles, in the Sea, edited by P. Falkowski and A. D. 
Woodhead, pp. 1-7, Plenum, New York, 1992. 
Evans, G. T. and M. J. K. Fasham, (Eds.), Towards a Model of Ocean Bio­
geochemical Processes, 350 pp., Springer-Verlag, Berlin, 1993. 
Fasham, M. J. R., Modeling the marine biota, in The Global Carbon Cycle, 
edited by M. Heimann, pp. 457-504, Springer-Verlag, Berlin, 1993. 
Fasham, M. J. R., J. L. Sarmiento, K. D. Slater, H. W. Ducklow and R. A. 
Williams, A seasonal three-dimensional ecosystem model of nitrogen 
cycling in the North Atlantic euphotic zone: A comparison of the mod­
el results with observations from Bermuda Station "S" and OWS "In­
dia", Global Biogeochem. Cycles, 7:379-416,1993. 
Francois, R, and M. A. Altabet, Glacial to interglacial changes in surface 
nitrate utilization in the Indian sector of the Southern Ocean as re­
corded by sediment 5 1 5N, Global Biogeochem. Cycles, 7:589-606, 
1993. 
Frost, B. W. and N. C.Franzen, Grazing and iron limitation in the control 
of phytoplankton stock and nutrient concentration: A chemostat ana­
logue of the Pacific equatorial upwelling zone, Mar. Ecol. Prog. Ser,. 
53:291-303, 1992. 
Garside, C. and J. Garside, The "f-ratioM on 20°W during the North Atlan­
tic Bloom Experiment, Deep-Sea Res. II, 40:75-90,1993. 
Goldman, J. G, D. A. Hansell and M. R. Dennett, Chemical characteriza­
tion of three large oceanic diatoms: Potential impact on water column 
chemistry, Mar. Ecol Prog. Ser., 55:257-270,1992. 
Goldman, J. C , Potential role of large oceanic diatoms in new primary 
production, Deep-Sea Res., 40:159-168,1993. 
Gust, G., R. H. Byrne, R. E. Bernstein, P. R. Betzer and W. Bowles, Par­
ticle fluxes and moving fluids: Experience from synchronous trap 
collection in the Sargasso Sea, Deep-Sea Res., 39:1071-1083,1992. 
Hansell, D. A., P. M. Williams and B. B. Ward, Measurements of DOC 
and DON in the Southern California Bight using oxidation by high 
temperature combustion, Deep-Sea Res., 40:219-234,1993. 
Hansell, D. A., T. E. Whitledge and J. J. Goering, Patterns of nitrate uti­
lization and new production over the Bering-Chukchi shelf, Cont. 
Shelf Res., 73:601-627,1993. 
Harrison, W. G., L. R. Harris, D. M. Karl, G. A. Knauer and D. G. Redalje, 
Nitrogen dynamics at the VERTEX time-series site, Deep-Sea Res., 
39:1535-1352,1992. 
DUCKLOW: NEW PRODUCTION AND EXPORT 1275 
Hedges, J. I., C. Lee and P. Wangersky, Comments from the editors on the 
Suzuki statement, Mar. Chem., 47:289-290,1993. 
Hedges, J. I., B. A. Bergamaschi and R. Benner, Comparative analyses of 
DOC and DON in natural waters, Mar. Chem., 47:121-134,1993. 
Hedges, J. and J. Farrington, Measurement of dissolved organic carbon 
and nitrogen in natural waters: Workshop report, Mar. Chem., 47:5-10, 
1993. 
Hedges, J. I., C. Lee, S. G. Wakeham, P. J. Hemes and M. L. Peterson, Ef­
fect of poisons and preservatives on the fluxes and elemental composi­
tion of sediment trap materials, J. Mar. Res., 57:651-668,1993. 
Ho, C. and J. Marra, Early-spring export of phytoplankton production in 
the Northeast Atlantic Ocean, Mar. Ecol. Prog. Ser., 114:197-202, 
1994. 
Holm-Hansen, O. and B. G. Mitchell, Spatial and temporal distribution of 
phytoplankton and primary production in the western Bransfield Strait 
region, Deep-Sea Res., 35:961-980,1991. 
Honjo, S. and S. J. Manganini, Annual biogenic particle fluxes to the inte­
rior of the North Atlantic Ocean studied at 34°N., 21°W. and 48° N., 
21°W., Deep-Sea Res. II, 40:587-607,1993. 
Honjo, S., D. W. Spencer and W. D. Gardner, A sediment trap intercompa­
rison experiment in the Panama Basin, Deep-Sea Res., 39:333-358, 
1992. 
Huntley, M., D. M. Karl, P. Niller and O. Holm-Hansen, Research on Ant­
arctic Coastal Ecosystem Rates (RACER): An interdisciplinary field 
experiment, Deep-Sea Res., 35:911-941,1991. 
Jackson, G. A. and P. M. Eldridge, Food web analysis of a planktonic sys­
tem of Southern California, Progr. Oceanogr., 30:223-251,1992. 
Jasper J. P. and W. G. Deuser, Annual cycles, of mass flux and isotopic 
composition of pteropod shells settling into the deep Sargasso Sea, 
Deep-Sea Res., 40:653-660,1993. 
Karl, D. M., B. D. Tilbrook and G. Tien, Seasonal coupling of organic 
matter production and particle flux in the western Bransfield Strait, 
Antarctica, Deep-Sea Res., 35:1097-1126,1991. 
Karl, D. M., G. Tien, J. Dore and C. D. Winn, Total dissolved nitrogen and 
phorphorus concentrations at US-JGOFS Station ALOHA: Redfield 
reconciliation, Mar. Chem., 47:203-208,1993. 
Keeling, CD., Surface Ocean C 0 2 in The Global Carbon Cycle, edited by 
M. Heimann, pp. 413 - 429, Springer-Verlag, Berlin, 1993. 
Kirchman, D. L., K. G. Keil, M. Simon and N. A. Welschmeyer, Biomass 
and production of heterotrophic bacterioplankton in the oceanic sub­
arctic Pacific, Deep-Sea Res., 35:967-988, 1991. 
Kirchman, D. L., Y. Suzuki, C. Garside and H. Ducklow, High turnover 
rates of dissolved organic carbon during a spring phytoplankton 
bloom, Nature, 352:612-614,1992. 
Laws, E. A., Photosynthetic quotients, new production and net community 
production in the open ocean, Deep-Sea Res., 35:143-167,1991. 
Lee, C, J. I. Hedges, S. G. Wakeham and N. Zhu, Effectiveness of poisons 
and preservatives in retarding bacterial activity in sediment trap mate­
rial, Limnol. Oceanogr., 37:117-130, 1992. 
Lohrenz, S. E., G. A. Knauer, V. L. Asper, M. Tuel, A. F. Michaels and A. 
H. Knap, Seasonal variability in primary production and particle flux 
in the northwestern Sargasso Sea: U.S JGOFS Bermuda Atlantic Time-
Series Study, Deep-Sea Res., 39:1373-1391,1992. 
Malone. T. C, S. E. Pike and D. J. Conley, Transient variations in phyto­
plankton productivity at the JGOFS Bermuda time series station, Deep-
Sea Res., 40:903-924, 1993. 
Martin, J. H., S. E. Fitzwater, R. M. Gordon, C. N. Hunter and S. J. Tanner, 
Iron, primary production and flux studies during the JGOFS North At­
lantic Bloom Experiment, Deep-Sea Res. II, 40:115-134,1993. 
McClain, C. R., C. J. Koblinsky, J. Firestone, M. Darzi, E-N. Yeh, and B. 
D. Beckley, Examining several Southern Ocean data sets, EOS Trans. 
Am. Geophys. Union, 72:345,351,1991. 
Michaels, A. F., D. A. Siegel, R. J. Johnson, A. F. Knap and J. N. Gallo­
way, Episodic inputs of atmospheric ntrogen to the Sargasso Sea: Con­
tributions to new production and phytoplankton blooms, Global 
Biogeochem. Cycles, 7:339-351,1993. 
Miller, C. B., B. W. Frost, P. A. Wheeler, M. R. Landry, N. Welschmeyer 
and T. M. Powell, Ecological dynamics in the subarctic Pacific, a 
possibly iron-limited ecosystem, Limnol. Oceanogr., 36:1600-1615, 
1991. 
Miller, C. B., Pelagic production processes in the Subarctic Pacific, Progr. 
Oceanogr., 32:1-15,1993. 
Milliman, J. D., Production and accumulation of calcium carbonate in the 
ocean: budget of a nonsteady state, Global Biogeochem. Cycles, 
7:927-957,1993. 
Mitchell, B. G., Coastal Zone Color Scanner retrospective, J. Geophys. 
Res., 99:7291-7292,1994. 
Moloney, C. L. and Field, J. G., The size-based dynamics of plankton food 
web. 1. A simulation model of carbon and nitrogen flux, J. Plankton 
Res., 73:1003-1038,1991. 
Murray, J. W., The 1988 Black Sea Oceanography Expedition: introduc­
tion and summary, Deep-Sea Res., 18(Supplement 2/S655-S661, 
1991. 
Najjar, R. G., J. L. Sarmiento and J. R. Toggweiler, Downward transport 
and fate of organic matter in the ocean; simulations with a general cir­
culation model, Global Biogeochem. Cycles, 6:45-76, 1992. 
Pelegri, J. L. and G. T. Csanady, Nutrient transport and mixing in the Gulf 
Stream, J. Geophys. Res., 96:2577-2583, 1991. 
Peterson, M. L., P. J. Hemes, D. S. Thoreson, J. I. Hedges, C. Lee and S. 
G. Wakeham , Field evaluation of a valved sediment trap designed to 
minimize collection of swimming animals, Limnol. Oceanogr., 
35:1741-1761,1993. 
Proctor, L. M. and J. A. Fuhrman, Roles of viral infection in organic par­
ticle flux, Mar. Ecol. Prog. Ser. 69:133-142,1991. 
Robinson, A. R., D. J. McGillicuddy, J. Caiman, et al., Mesoscale and up­
per ocean variability during the 1989 JGOFS bloom study, Deep-Sea 
Res. II, 40:9-35, 1993. 
Roman, M. R., H. G. Dam, A. L. Gauzens and J. M. Napp, Zooplankton 
biomass and grazing at the JGOFS Sargasso Sea time series station, 
Deep-Sea Res., 40:883-901,1993. 
Sambrotto, R. N., J. H. Martin, W. W. Broenkow, C. A. Carlson and S. E. 
Fitzwater, Nitrate utilization in surface waters of the Iceland Basin dur­
ing spring and summer of 1989, Deep-Sea Res. II, 40:441-457,1993. 
Sambrotto, R. N., G. Savidge, C. Robinson, et al., Elevated consumption 
of carbon relative to nitrogen in the surface ocean, Nature, 
363:248-250,1993. 
Sarmiento, J. L., R. D. Slater, M. J. R. Fasham, H. W. Ducklow, J. R. 
Toggweiler and G. T. Evans, A seasonal three-dimensional ecosystem 
model of nitrogen cycling in the North Atlantic euphotic zone, Global 
Biogeochem. Cycles, 7:417-450,1993. 
Sarmiento, J. L. and U. Siegenthaler, New Production and the Global Car­
bon Cycle in Primary Productivity and Biogeochemical Cycles, in the 
Sea, edited by P. Falkowski and A. D. Woodhead, pp. 317-332, Ple­
num, New York, 1992. 
Sharp, J. H., Y. Suzuki and W. L. Munday, A comparison of dissolved or­
ganic carbon in North Atlantic Ocean nearshore waters by high tem­
perature combustion and wet chemical oxidation, Mar. Chem., 
47:253-259,1993. 
Silver, M. W. and M. M. Gowing, The "particle" flux: Origins and biologi­
cal components, Progr. Oceanogr., 26:75-113,1991. 
Simon, M., N. A. Welschmeyer and D. L. Kirchman, Bacterial production 
and the sinking flux of particulate organic matter in the subsarctic Pa­
cific, Deep-Sea Res., 39:1997-2008,1992. 
Smith, D. C , M. Simon, A. L. Alldredge, and F. Azam, Intense hydrolyt-
ic enzyme activity on marine aggregates and implications for rapid 
particle dissolution, Nature, 359:139-142,1992. 
Smith, W. O. Jr and W. G. Harrison, New production in polar regions: The 
role of environmental controls, Deep-Sea Res., 35:1463-1479, 1991. 
Sullivan, C. W., K. R. Arrigo, C. R. McClain, J. C. Comiso and J. Fire­
stone, Distributions of phytoplankton blooms in the Southern Ocean, 
Science, 262:1832-1837, 1993. 
Suzuki, Y. On the measurement of DOC and DON in seawater. Mar. 
Chem., 47:287-288,1993. 
Takahashi, T., J. Olafson, J. G. Goddard, D. W. Chipman and S. C. Suther­
land, Seasonal variations of C 0 2 and nutrients in the high-latitude sur­
face oceans, Global Biogeochem. Cycles, 7:843-878, 1993. 
Townsend, D. W., M. D. Keller, M. E. Sieracki and S. G. Ackleson, Spring 
phytoplankton blooms in the absence of vertical water column stratifi­
cation, Nature, 360:59-62,1992. 
Villareal, T. A., M. A. Altabet and K. Culver-Rymsza, Nitrogen transport 
1276 DUCKLOW: NEW PRODUCTION AND EXPORT 
by vertically migrating diatom mats in the North Pacific Ocean, Na­
ture, 363:709-712,1993. 
Walsh, I. D. and W. D. Gardner, A comparison of aggregate profiles with 
sediment trap fluxes, Deep-Sea Res., 39:1817-1834,1992. 
Wheeler, P. A. and S. A. Kokkinakis, Ammonium recycling limits nitrate 
use in the oceanic subarctic Pacific, Limnol. Oceanogr., 35:1267-1278, 
1990. 
Yoder, J. A., C. R. McClain, G. C. Feldman and W. E. Esaias, Annual 
cycles, of phytoplankton chlorophyll concentrations in the global 
ocean: a satellite view, Global Biogeochem. Cycles, 7:181-193,1993. 
Zhuang, L. and B. J. Huebert, A lagrangian analysis of the total ammonia 
budget during STEX/MAGE, J. Geophys. Res., C (in press), 1994. 
H. Ducklow, Virginia Institute of Marine Sciences, The College of 
William and Mary, Box 1346, Gloucester Point, VA 23062. (email: 
duck@vims.edu) 
(Received June 10, 1994; accepted November 22, 1994) 
